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Abstract

Trans-splicing generates the mature 5’ ends of certain mRNAs through the addition of a small spliced leader (SL)
exon to pre-mRNAs. To search for novel flatworm spliced leaders, degenerate oligonucleotides and was used to
isolate and characterize the 5 terminal sequences of enolase mRNAs in diverse flatworms. Several new spliced leaders
and their SL RNA genes were identified, characterized, and compared. All parasitic trematodes examined trans-splice
enolase. A primitive polyclad turbellarian, Stylochus zebra, also contains a trans-spliced enolase mRNA. The S. zebra
SL is the longest SL yet identified, 51 nucleotides. Comparison of flatworm SLs indicates that they vary significantly
in sequence and length. This suggests that neither spliced leader exon sequence nor size is likely to be essential for
trans-splicing in flatworms. Flatworm SL RNAs have unusual Sm binding sites with characteristics distinct from
other known flatworm snRNA Sm binding sites. Predicted flatworm SL RNA secondary structures show variation
exhibiting 2—4 stem loops. Although limited in sequence similarity, phylogenetically conserved regions within the
diverse flatworm SL RNAs suggest that they are likely to be derived from a common ancestor and provide
information on potentially important SL RNA elements. The identification of a SL in a primitive flatworm suggests
that trans-splicing may have been an ancestral feature in the phylum. Representative species of other early and more
recent clades within the phylum, however, do not trans-splice enolase, nor do they or representatives of several other
flatworm groups, have an SL RNA with a phylogenetically conserved region identified in the current study. © 1997
Elsevier Science B.V.
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1. Introduction

Spliced leader RNA trans-splicing is a form of
RNA processing which joins sequences derived
from independently transcribed RNAs to generate
mature mRNAs. A small exon, the spliced leader
(SL), is spliced from the 5’ end of a non-polyadeny-
lated RNA (SL RNA) to pre-mRNA transcripts to
form the 5 end of mature mRNAs (for recent
reviews see [1-6]). SL addition was originally
described in trypanosomes [7,8] and shown subse-
quently to be present in other parasitic kinetoplas-
tida and in euglenoid flagellates [9]. The
identification of SL trans-splicing in two large and
divergent groups of metazoa, nematodes [10] and
flatworms [11], suggested that SL addition could be
common among early invertebrates. The overall
distribution of spliced leader trans-splicing in flat-
worms, early metazoa, and other organisms, how-
ever, is currently unknown.

SL addition in nematodes and kinetoplastid
flagellates is present in all organisms examined
within these groups. Following the identification of
flatworm rrans-splicing in the blood fluke Schisto-
soma mansoni, it was noted from Northern blot
hybridizations that the schistosome spliced leader
was either absent or not highly conserved in other
members of the flatworm phylum [11]. In contrast,
the 22-nucleotide roundworm SL1 spliced leader
has been found to be almost perfectly conserved in
diverse nematode metazoans [3,12,13]. Flatworms
are an early metazoan group and are likely to have
been the first bilateral animals [14—17]. In some
metazoan evolutionary trees, a flatworm-like an-
cestor occupies an important phylogenetic position
as the putative progenitor of a number of early
invertebrate groups. Extant primitive flatworms
may still retain some characteristics of these early
bilateria. The possible seminal role of a flatworm-
like ancestor in metazoan evolution previously led
us to examine the functional significance of SL
addition in flatworms [18]. In the current study, the
diverse assemblage of free-living and parasitic or-
ganisms in the phylum Platyhelminthes was used to
explore the distribution and characteristics of
spliced leaders and their SL RNAs in flatworms.

The apparent lack of sequence similarity among
flatworm spliced leaders precluded the use of hy-
bridization or polymerase chain reaction (PCR)

methods to identify other flatworm SLs or SL
RNAs. Although the functional significance of
spliced leader addition for most trans-spliced meta-
zoan genes remains unclear, spliced leader addition
in kinetoplastid flagellates [1,19] and a subset of
nematode genes [20-22] contributes to resolving
polycistronic transcription units into mature mono-
cistronic mRNAs. We hypothesized that although
spliced leader sequences might not be highly con-
served in flatworms, mechanisms of gene expres-
sion, including trans-splicing, are likely to remain
conserved within homologous genes of evolution-
arily related organisms. If true, the conservation
would provide one approach to identify SLs and
therefore trans-splicing in other flatworms. A rela-
tively small number of schistosome mRNAs ac-
quire a spliced leader, and one of these encodes the
glycolytic enzyme enolase [18]. To explore the
hypothesis that enolase genes in other flatworms
might be trans-spliced, we isolated and character-
ized the 5 terminal nucleotides of the enolase
mRNA in a related trematode, Fusciola hepatica.
These studies demonstrated that the Fasciola 5
terminal enolase sequence was indeed a spliced
leader [23].

Differences in the predicted secondary structures
and the limited sequence similarity between the F.
hepatica and S. mansoni spliced leaders/SL RNAs
suggested that further phylogenetic comparison of
flatworm SL RNAs was needed to provide more
comprehensive information on conserved features
and possible functionally important elements. Fur-
thermore, information regarding the distribution of
trans-splicing in flatworms might also prove useful
in: (1) evaluating whether SL addition is likely to
be an ancestral or derived character in flatworms
and (2) exploring phylogenetic relationships among
flatworms including the origin(s) and evolution of
parasitic groups within the phylum.

In the current study I have extended the ap-
proach of analyzing the 5 termini of enolase
mRNAs to search for novel spliced leaders and to
determine the distribution of enolase frans-splicing
in diverse flatworms. A 5' RACE (rapid amplifica-
tion of ¢cDNA ends) strategy was developed to
rapidly isolate and determine the sequence of the
5" ends of enolase mRNAs from representatives of
several flatworm groups. The sequences were then
characterized further to determine if they repre-
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sented spliced leaders. trans-splicing of enolase
mRNAs was observed in all parasitic trematodes
examined as well as the primitive polyclad turbel-
larian, Stylochus zebra. The divergent flatworm
SLs and their SL RNAs were characterized and
conserved features in the SL RNAs identified.
Flatworm SLs show a surprising diversity in se-
quence and length. In addition, flatworm SL
RNAs exhibit flexibility in their predicted sec-
ondary structures.

Representative species from several flatworm
groups do not trans-splice enolase. To search for
homologous SLL. RNAs in these and several other
flatworm groups, hybridization analyses with a
phylogenetically conserved region in the divergent
flatworm SL RNAs was used. The results of these
analyses, the phylogenetic implications of the
findings, and the potential significance of enolase
rrans-splicing are presented.

2. Materials and methods
2.1. Organisms

Organisms were collected and used immediately
or frozen at — 70°C until used. The origin of the
organisms, their hosts, and taxonomic classifica-
tion are provided in Table 1.

2.2. Nucleic acid isolation and blot analyses

For genomic DNA isolations, organism lysates
were prepared by homogenization of worms in 30
mM Tris—HCI, pH 8.0/50 mM NaCl/100 mM
EDTA. SDS was added to 0.5% and the lysates
incubated overnight at 37°C with 200 xg ml~'
proteinase K. DNA was extracted by phenol/chlo-
roform and ethanol precipitated [24]. Total RNA
was purified by acid—phenol extraction [25,26]
(TRIzol Reagent, GIBCO BRL/Life Technolo-
gies, Gaithersburg, MD) or by proteinase K di-
gestion/phenol:chloroform extraction/ethanol pre-
cipitation as described [24]. RNA for enolase 5’
RACE was further treated using a LiCl modifica-
tion [27] to remove large amounts of contaminat-
ing carbohydrate present in many flatworms.
Agarose and polyacrylamide gel electrophoresis

(PAGE) Northern blots, probe preparation, hy-
bridization and washing conditions were as de-
scribed [11,23,28].

2.3. Cloning of polymerase chain reaction
products

Oligonucleotide primers contained 5 cloning
adaptors (plain text in primer sequences below) to
facilitate ligation independent, directional cloning
of polymerase chain reaction (PCR) products.
PCR products were gel purified using QIAEX gel
extraction (Qiagen, Chatsworth, CA) and cloned
using either PCR-Direct (Clontech, Palo Alto,
CA) or pAMP cloning systems (Life Technolo-
gies) as described by the manufacturer.

2.4. Enolase and Stylochus spliced leader RNA 5
RACE

Enolase mRNA 5 RACE was performed with
the 5" RACE System from Gibco BRL (Gaithers-
burg, MD) as previously described [23] with the
following modifications. First strand cDNA was
primed and synthesized from 5 ug of total RNA
using 10-100 pmol of the degenerate enolase
primer Eno 4 (GCRAAICCICCYTCRTC) and
Superscript reverse transcriptase (Gibco BRL).
The reaction was incubated at 45°C for 45 min
and then at 50°C for 30 min following further
addition of reverse transcriptase. The 5’ terminal
sequences of enolase cDNAs were amplified using
an anchor primer (CTCGCTCGCCCAGGGI-
IGGGIIGGGIIG) and a nested primer Eno 2
(CTGCGTTCGGCCAATCATARAAYTCITG-
CATNGC) using 30-40 cycles of 1 min denatura-
tion at 94°C, 1 min annealing at 55°C, and 2 min
extension at 72°C.

First strand cDNA for the 5 RACE on the
Stylochus S RNA was specifically primed using
10 pmol of the Srylochus SL RNA primer
(ATATAGGCCTCGCGG) predicted to be at the
3" end of the SL RNA. The 5" terminal sequences
of the SL RNA c¢cDNA were amplified using an
anchor primer (cloning adaptor-GGGIIGGGI-
IGGGIIG) and the nested 3’ SL RNA primer
(cloning  adaptor-GCCTCGCGGCCTGTCAA)
annealing at 60°C.
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2.5. Amplification of spliced leader RNA gene
repeats

Sequences at the 5" ends of enolase mRNAs
predicted to be putative spliced leaders from
Northern hybridizations were used to design sense
and antisense oligonucleotide primers (bold text
in sequences below) directed toward each other
for amplification of the SL RNA gene repeats.
The following primer pairs were used: Haema-
tolechus spp.—CTCGCTCGCCCAACCTAT-
ACGGTTCTCTG (5) and CTGGTTCGGC-
CCACATGCACTGATACACG (3'); Stephanosto-
mum  spp.—CTCGCTCGCCCAACTATACG-
GTTCTCTGCCGTG (5') and CTGGTTCGGC-
CCACATGCACTAATATACACGGCAG (3);
Stylochus zebra-—-CTCGCTCGCCCACGTATT-
TGACGGTCTC (5) and CTGGTTCGGCC-
CAACACCAAATTTTTGAG (3'); and Notoplana
spp. —CTCGCTCGCCCACGTATTTGACGG-
TCTC (5) and CTGGTTCGGCCCAACAC-
CAAATTTTTGAG (3). The PCR conditions
consisted of 30-40 cycles of 1 min denaturation at
94°C, 1 min annealing at 60-70°C, and 2 min
extension at 70-72°C.

2.6. Plasmid sequencing

Plasmid DNA was prepared as previously de-
scribed [11,28] or using Magic Plasmid Prep
(Promega, Madison, WI) or QIAPrep (QIAGEN,
Chatworth, CA). Clones were sequenced by the
dideoxynucleotide method on alkali-denatured
plasmids using the USB Sequenase Kit (USB,
Cleveland, OH) as described [11,28.29] or by cycle
sequencing (AmpliCycle: Perkin Elmer, Foster
City, CA; D-Genozyme System: Genomyx, Foster
City, CA; Thermosequenase: USB) as described
by the manufacturer.

2.7. Sequence, RNA secondary structure, and
phylogenetic analysis

Sequence analysis and primer design were per-
formed with MacVector (Kodak Laboratories,
Rochester, NY), GeneWorks (Intelligenetics,
Mountain View, CA), Genetics Computer Group
(GCG, Madison, WI), Oligo 4.0 (NBI, Plymouth,

MN), and BLAST programs [30]. SL RNA sec-
ondary structures were generated holding the pre-
dicted Sm binding regions single-stranded using
MFold in the GCG sequence analysis software
package or MulFOLD [31]. Phylogenetic analysis
using maximum parsimony was performed using
PAUP 3.1.1 [32] and distance methods using Phyl-
lip 3.5 [33].

3. Results

3.1. Strategy for isolation and identification of
spliced leaders and spliced leader RNA genes

Previous characterization of the 5 terminal se-
quences of the Fusciola hepatica enolase mRNA
led to the identification of a novel flatworm
spliced leader [23]. In the current study, the 5
ends of enolase mRNAs were characterized to
search for novel spliced leaders in several addi-
tional trematodes, and then in other flatworm and
invertebrate groups. To rapidly isolate and char-
acterize the 5" ends of diverse flatworm enolase
mRNAs, degenerate oligonucleotide primers cor-
responding to conserved regions of eukaryotic
enolase proteins were designed and used directly
in a 5" RACE strategy on enolase mRNAs in total
RNA. A primer (Eno 4) corresponding to enolase
amino acids ~ 225-230 (DEGGFA) was used to
prime enolase first strand ¢cDNA. A 5 nested
primer (Eno 2, corresponding to ~ amino acids
178—-194, AMQEFMI) and an anchor primer
were then used to amplify the 5 ends ( ~ 500 bp)
of enolase mRNAs. This RACE strategy was
successful in isolating the 5’ ends of enolase mR-
NAs from diverse flatworms and other early in-
vertebrates (Fig. 1 and Table 1) as deduced from
the similarity of the conceptual translations of the
RACE products with other known enolase
proteins.

If the majority of enolase RACE clones ob-
tained for a given species extended 5 to a rela-
tively common point, this was interpreted as
suggesting that the clones approached the 5 ter-
minus of the mRNA (Fig. 1). This conclusion is
based on control experiments which generated
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TREMATODA ( flukes)

Fasciola: :ﬁOCTI'AACGGTTCTCTGCCCTGTATATTAGTGCATGAACATG

Echinostoma: 2ACCTI'AACGGTTCTCTGCCCTGTATATTAGTGCATGACAATG
(4)

Haematolechus: ﬁgmammmgmnrcmmcuecmmcmm
(3)

Stephanostomum: ACCTATACGGTTCTCTGCCGTGTATATTAGTGCATGCTACAATG
(4)

TURBELLARIA

Polycladida
Stylochus: TGCCGTATTTGACGGTCTCAAAAATTTGGTGTTTATTGCAATAATTGCATGCACAATG

A

bk

Trcladida

Dugesia: TAGTAGATATAAAGATTACAAATTGTGTACGTGATTCGATTACTGTGCTACAATATTATTGAAAATG
T L

Bdslloura: CGAGGACGGCGGTTTGGCTGGGCGAACCAGATCAAGGACGTTCGTACCGACTACAATTACGCCACCATG
I(2) 1

CESTOIDEA (tapeworms)

Hymenolepis. CGGATTGAAATTGTTGTCGACTCGGTACCGCACTCAAGATG
bohdd,
Calliobothrium: TCAAATTCTCCCCACGCTTGGCTTACCTTCGTTCGGCAATCCACAAAATG

dohd A,

Lacistorynchus: AATCTTGCCCACGTTCAAGTTCTCCAACGTCCATTTTCTACCAAAATG
(2)

Pseudophyllidean: ACACTCGTTCACGTGAAGAAAAGCCATTTGCATCATG
Ay

NEMERTEREA ( ribbon worms)

Cerebratulus: AACGAGGTTGCTCTCGCCATTTGGCTTTCATCGTTTCCAGAGGTCGGACAAATTTCTCCTTCAAAAAATCAGGCACCATG

@)
CNIDARIA
Hydra: IRAAAAAAQAQATACTGAAAQTTTTTAGTCCCTGTGTAATAAGCATA'I'I'I'AGCATG
(3)

Hydra, Marine: IRAATTATACTCACACATTTCTAGTCCCTGAGTAAAAGATTGTCGTCAAAAAATAAAAACAAGAATG
(2)

PORIFERA ( sponges)

Sponge: TCACAGCTGGAAACGTAACAGTGCAAATG
2

Fig. 1. Enolase mRNA termini identified by degenerate, enolase 5 RACE. The sequence of clone(s) extending the furthest 5" is
presented extending 3’ through the computer predicted initiator methionine for the enolase mRNA. Arrowheads represent the 5’
termini characterized for additional 5 RACE clones. When more than a single 5 RACE clone terminated at a given position, the
number of clones represented is shown in parenthesis. Letters in bold represent spliced leaders. Underlined sequences represent
residues used to make antisense oligonucleotide probes for Northern blot hybridizations in Figs. 2 and 3. Fasciola sequences
represent data derived from control reactions using Fasciola RNA. The Fasciola data demonstrate that the cloned S’RACE enolase
products extend to the previously identified 5" end of the spliced leader present on the Fasciola enolase mRNA [23].
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and identified the full-length Fasciola SL using the
current strategy (see Fig. 1), the identification of
full-length or near full-length SLs in this study (see
below), and extensive data using 5 RACE in
several other flatworm studies [18,23,34].

Oligonucleotide probes complementary to se-
quences at the most 5" ends of the RACE clones
(Fig. 1) were synthesized and assayed in Northern
blot hybridizations to determine if they hybridized
to homologous sequences within a small RNA, i.e.,
a putative SL RNA (Fig. 2A). A lack of hybridiza-
tion to a small RNA was interpreted as a lack of
trans-splicing of the enolase mRNA. Positive con-
trols consisted of hybridization to the enolase
mRNA from which the oligonucleotide sequence
was derived (Fig. 2B). When the 5’ terminal enolase
sequences had homology with a small RNA on
RNA blots (Figs. 2 and 3), the putative SL RNA
gene was isolated and characterized from genomic
DNA. Cloning of SL RNA genes was facilitated by
using a PCR strategy with opposing primers de-
signed from within the SL sequence. This strategy
exploited the tandem organization of SL RNA
genes to amplify the genomic repeat containing the
SL RNA. PCR products corresponding to SL
RNA genomic repeats were cloned and the SL
RNA gene and regions ~ 350 bases 5" and 3’ of the
gene sequenced.

I suggest that trans-splicing is likely to occur in
a flatworm if: (1) the sequence present at the 5" end
of an enolase mRNA is also present at the 5" end
of a small RNA; (2) the SL sequence in the small
RNA gene is immediately followed by a splice
donor site; and (3) the predicted small RNA
exhibits some phylogenetically conserved feature
of other SL RNAs such as the secondary structure
or a putative Sm binding site. The 5" end of an SL
RNA in this study is defined either by sequencing

the small RNA using 5 RACE or as the 5’ end of
the SL sequence on the enolase mRNA. The 3’ end
of an SL RNA was then defined based on the
length of the SL RNA determined by PAGE
Northern blot hybridization (Fig. 3).

For symbiotic species, whenever possible, host
enolase 5 RACE products were also generated and
analyzed. Host, flatworm, and known enolase se-
quences were compared using multiple sequence
alignment and maximum parsimony analyses to
assure that sequences were of flatworm, and not
host origin.

3.2. Enolase trans-splicing and novel spliced
leaders and spiced leader RNAs in flatworms

Three trematodes representing two broad orders
of parasitic flukes were first examined with this
strategy. The 5" ends of each of the three trematode
enolase mRNAs hybridized to homologous se-
quences within a small RNA (Figs. 2 and 3). In
addition, there was significant sequence identity
(78—-100%) between the 5 terminal enolase se-
quences of these trematodes and the previously
characterized Fasciola SL to suggest that they were
likely to be SLs (Fig. 4A). Cloning and sequence
analysis of the putative SL RNA genes from
Haematolechus and Stephanostomum showed that
the SL sequences are immediately followed by a
splice donor site in their respective genes. Further,
the predicted SL RNAs exhibited several con-
served features of SL RNAs (see below and Figs.
4 and 5).

The conservation of enolase trans-splicing in five
trematodes led me to examine several other groups
of flatworms using this assay (see Fig. | and Table
1) including several turbellaria (free-living and
symbiotic) and tapeworms (representing four or-

Fig. 2. Northern blots identify potential spliced leaders at the 5" ends of flatworm enolase mRNAs. Agarose Northern blots of total
RNA were hybridized with antisense oligonucleotides (see Fig. 1) corresponding to the 5’ termini of enolase mRNAs characterized
by 5 RACE. (A) Small RNAs hybridize to probes derived from a polyclad turbellarian (Stylochus) and several trematodes
(Haematolechus, Echinostoma, and Stephanostomum). Arrows in upper area of gel indicate hybridization to enolase mRNA and/or
cross-hybridization with rRNA. (B) Representative control hybridizations illustrating that some terminal enolase mRNA probes
hybridize to their corresponding enolase mRNAs, but not to a small RNA.

Fig. 3. Flatworm SL RNA length determined from PAGE Northern blots. PAGE Northern blots of total RNA were hybridized with
antisense oligonucleotides corresponding to the 5’ ends of enolase mMRNAs. SL RNA sizes determined using sequencing ladders are:
Schistosoma mansoni, 93 bases; Fasciola hepatica, 108 bases; Haematolechus spp., 107 bases; Echinostoma caproni, 109 bases; -
Stephanostomum spp.. 97 bases; Stylochus zebra, 110 bases: and Notoplana spp., 106 bases.
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Fig. 4. Sequence alignments demonstrate the similarity and conserved regions in flatworm SL RNAs. (A) Trematode SL RNA
alignment excluding schistosomes. (B) All trematode SL RNA alignment. (C) All flatworm SL RNA alignment. The consensus
sequence for each alignment is shown above the alignment. Dots indicate residues that are identical with the consensus, shading
illustrates absolutely conserved regions, and dashes indicate gaps used to generate the optimal alignment. The conserved sequences
spanning the splice donor site that were used to design oligonucleotide probes for the Northern blot hybridizations in Fig. 6, and
the region predicted to be the Sm binding site are marked. Sequences conserved in two areas at the 3’ end of the SL RNA are

illustrated with a bar across each region.

ders), organisms considered to represent earlier and
more recent clades within the phylum, respectively.
Northern blot hybridization assays to detect ho-
mologous sequences within a small RNA indicated
that none of the four tapeworms nor either of the
triclad turbellarians trans-splice enolase (represen-
tative blots shown in Fig. 2). However, analysis of
a primitive flatworm, the polyclad turbellarian
Stylochus zebra, demonstrated that it was positive
in the Northern blot assay for a potential SL RNA.

Cloning of the Stylochus SL RNA gene demon-
strated that the SL is immediately followed by a
splice donor site in the gene and that the primitive
flatworm SL is 51 nucleotides in length. The
predicted SL RNA exhibits some of the conserved
features of SL RNAs such as a putative Sm binding
site (Fig. 4C and Fig. 5C), and the Stylochus spliced
leader has some, although limited, sequence iden-
tity with the trematode spliced leaders (Fig. 4C).

Similar Northern blot analysis and subsequent
cloning of the SL RNA gene repeat in a second
free-living polyclad turbellarian, Notoplana spp.,
identified a similar SL RNA (106 nt) with an
identical 51 nucleotide SL, but with several differ-
ences in the intron portion of the SL RNA.

The similarity of the trematode SL RNA genes
with the Fusciola S RNA (Fig. 4) suggests, that
by analogy, these SL RNA genes are likely to be
expressed as small RNAs with the SL at the §
terminus. 5" RACE with a primer near the 3’ end
of the predicted SL RNA was used to characterize
further the Stylochus SL RNA and to confirm that
an SL RNA is expressed from the cloned Stylochus
SL RNA gene. Analysis of the 5 RACE clones
either demonstrated or confirmed that: (1) an SL
RNA is expressed and identical to the SL RNA
gene sequences characterized; (2) the full-length SL
sequence is 51 nucleotides; (3) the SL is followed
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Fig. 5. Comparison of computer-generated structures of flatworm SL RNAs. Arrows indicate the 5 splice sites, spliced leader
sequences are in bold letters, absolutely conserved residues are boxed, and the putative SM binding sites of the SL RNAs are in
bold, underlined letters. In the Stylochus zebra structure in C. the circled residues represent nucleotide deletions or substitutions
(substituted nucleotide in parenthesis) in the SL RNA gene from a second polyclad, Notoplana spp. The Schistosoma mansoni and
Fasciola hepatica SL RNA structures represent slight modifications of the originally published structures [11,23]. SL RNAs were
folded using the algorithm of Zucker [31] with the constraint that the predicted Sm binding site remain single-stranded. Structures

represent the lowest energy structures calculated and are typically similar to other possible structures with slightly less favorable
energy values.
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immediately 3’ in the SL RNA by a potential splice
donor site; and (4) the sequence at the 5’ end of the
SL RNA and the enolase mRNA is identical.

5" RACE and Northern blot analyses on the 5
terminal enolase sequences of other invertebrates
considered to be either a possible sister group to
flatworms (Nemertea) or more primitive than flat-
worms (Cnidaria and Porifera) were also analyzed
for trans-splicing (Fig. 1 and Table 1). All were
negative in the assay for enolase trans-splicing.

3.3. Comparison of flatworm spliced leader RNA
gene sequences and computer-generated secondary
structures

SL RNA sequence alignments (Fig. 4) suggest
that the flatworm SLs can be placed into three
groups based on sequence similarity: 1) general
trematode (F. hepatica/Echinostoma  caproni,
Haematolechus spp., Stephanostomum spp.); (2)
schistosome and (3) polyclad turbellaria (Stylochus
and Notoplana). Pairwise comparisons between the
general trematode SLs indicated that sequence
identities are 78 -100% (Fig. 4A) with the Fasciola
and Echinostoma SLs exhibiting a 100% match
(Fig. 1). The schistosome SL has significantly less
sequence identity with other trematode SLs (54—
58%) (Fig. 4B). The longer length of the polyclad
SL is due to the extension of the 5’ end and a 12
nucleotide insertion.

The two polyclad SL. RNA sequences are almost
identical (96% sequence similarity). They differ by
two nucleotide substitutions and two deletions in
the intron portion of the Notoplana SL RNA (Fig.
5C). The deletions and a two nucleotide truncation
at the 3’ end of the Noroplana SL RNA explain the
differences in their SL RNA lengths (106 vs. 110,
see Fig. 3). The Notoplana sequence is not included
in the Fig. 4 alignment since the changes are in
regions of the SL RNA intron that are not con-
served in other flatworms, and these changes do not
alter the predicted secondary structure (Fig. 5C).

Alignment and computer-generated folding of
the flatworm SL. RNAs identified several conserved
regions including sequences within the spliced
leader (ACGGU), nucleotides spanning the 3’ end
of the SL and splice donor site (UGCAUG-splice
site-GUAAGMAYC), and a putative Sm binding
site (Fig. 4C and Fig. 5). Two additional sets of

conserved and complementary sequences con-
tribute to form the 3’ most stem-loop in the SL
RNAs. The first set begins immediately 3’ of the
putative Sm binding site and is C{u}A{g}GCC
({u}, not present in schistosomes or the polyclads;
{g}, present only in polyclads). The first C invari-
ably precedes the formation of the most 3’ stem in
the SL RNA secondary structure. The second set
is GG{c}CUA ({c}, insertion present only in poly-
clads). Notably, the polyclad single nucleotide
insertions in these two sets of sequences are comple-
mentary, enhancing the overall stability of the stem.
Thus, both sequence and secondary structure are
conserved in these regions. Two less apparent, but
also conserved sets of trinucleotides typically par-
ticipate in forming the second stem of the SL
RNAs. In S. mansoni, these sequences form the
base of the first stem (see GUC/GAC boxed
nucleotides in stem 2 or S. mansoni stem 1, Fig. 5).

One of the questions which motivated the current
studies was to determine if the divergent two stem
loop secondary structure observed in schistosomes
was present in other flatworm SL RNAs (Fig. 5A).
The Fusciola and newly identified trematode SL
RNAs all exhibit a computer-predicted three stem
loop structure with the SL base paired within the
first stem (Fig. 5B). The polyclad SL RNAs (Sty-
lochus and Notoplana) are unusual in that the SLs
are predicted to be base paired within two 3’ stems.
Consequently, these SL RNAs exhibit a total of
four stem loops (Fig. 5C).

The successful PCR amplification of the SL
RNA gene repeats with opposing primer pairs
indicates that at least some of the SL RNA genes
within each organism are organized in direct,
tandem repeats. The size of the repeats varies in
different organisms: ~ 500 bp in schistosomes [11],
~ 800 bp in Notoplana, ~ 1100 bp in Haema-
tolechus, ~ 1200 bp in Fasciola [23] and Stylochus
and ~ 1600 bp in Stephanostomum. The spliced
leader genes of several, although not all, nematodes
and flagellates are located within the same genomic
tandem repeat as the 5S RNA gene. In contrast,
none of the flatworm SL. RNAs characterized
appear to be linked with 5S RNA genes based on
sequence analyses of the repeats or Southern blot
hybridizations using as probes either a schistosome
5S gene (R. Davis and F. Rottman, unpublished)
or a phylogenetically conserved (metazoa) 5S
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oligonucleotide. Sequences ~ 350 bases upstream
and downstream of the flatworm SL RNAs in the
genomic repeats were compared in order to search
for conserved elements that could potentially serve
as promoter or 3’ end formation elements during
SL RNA synthesis. Phylogenetically conserved se-
quence elements were not readily apparent. The
lack of conserved sequences is particularly striking
in the polyclads where the SL RNAs are ~ 96%
similar, and yet the sequences surrounding the SL
RNA gene within the tandem repeats have little
sequence similarity. Sequences 3’ of all of the
flatworm SL RNA genes do however show a
marked transition in sequence composition becom-
ing A-rich.

3.4. Are similar spliced leader RNAs present in
other flatworms?

The absence of spliced leaders at the termini of
a number of flatworm enolase mRNAs does not
imply that these metazoa lack trans-splicing, but
only that they do not trans-splice their enolase
mRNAs. To determine if those flatworms have an
SL RNA, a highly conserved region spanning the
3" end of the SL and the splice donor site in all
flatworm SL RNAs (Fig. 4C) was used to design
oligonucleotide probes for Northern hybridiza-
tions. PAGE and agarose Northern blot hybridiza-
tions with these probes at relatively low stringency
indicated that those organisms lacking trans-splic-
ing of enolase also lacked an SL RNA that con-
tained this phylogenetically conserved region (Fig.
6: agarose gel data not shown). Positive controls in
these hybridization analyses included RNA iso-
lated from flatworms known to have an SL RNA
(trematodes and polyclads) and oligonucleotide
counterprobes to 5S RNA and Ul and U2 snR-
NAs. Several additional flatworms not examined
for enolase trans-splicing were also analyzed in
these hybridizations (Table 1) and included: (1)
Polychoerus carmalensis, an acoel flatworm consid-
ered to be even more primitive than polyclads (or
alternatively, derived from a different ancestor than
other flatworms); (2) Syndesmis franciscana, a
rhabdocoel turbellarian considered to be one pos-
sible ancestor of the parasitic groups; and (3)
representatives of the other major group of para-
sitic flatworms, the Monogenea (Megacotyle

trituba or Microcotyle sebastes). All these organ-
isms were also negative in the Northern blot
analysis indicating that they lack an SL RNA with
the phylogenetically conserved features identified in
the current study.

3.5, Enolase as a potential phylogenetic marker

The first 500 bases of coding sequence for the
~ 1400-base enolase mRNA for nine members of
the phylum Platyhleminthes as well as a nemert-
erean, two hydroids, and a sponge were obtained
as part of the assay for enolase trans-splicing. The
nucleic acid and corresponding amino acid se-
quences of these enolase mRNAs were evaluated to
determine if they might be useful for phylogenetic
analysis, and possibly help clarify some of the
uncertainties regarding the relationships between
the parasitic flatworm groups, as well as those
between free-living and parasitic groups. Parsi-
mony and distance analysis of the data sets, how-
ever, did not generate bootstrap resampling values
that were high enough to draw significant conclu-
sions from the data set (data not shown). Data sets
using complete enolase coding sequence may prove
more phylogenetically informative for some of
these taxa.

4. Discussion

4.1. Conserved elements in flatworm spliced leader
RNAs

Comparison of divergent flatworm spliced lead-
ers indicates that neither the SL length (35-51 nt)
nor sequence ( < 50%) is strongly conserved. The
Stylochus SL at 51 nucleotides is the longest SL
identified to date in any organism. The lack of
sequence conservation in flatworm SLs is in marked
contrast with the near perfect sequence conserva-
tion of the ubiquitous nematode SL1. Experiments
using Ascaris embryo extracts indicate that, al-
though SLI is conserved in nematodes, extensive
alterations in its sequence and length have little
effect on trans-splicing in vitro [35]. The limited
sequence conservation and variable length of flat-
worm SLs is perhaps a good biological analogy to
the Ascaris in vitro experiments suggesting that
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neither high sequence conservation nor exon size
may be essential for flatworm trans-splicing. Over-
all, flatworm SLs (polyclads, schistosomes, and
other trematode SLs) appear to exhibit more highly
divergent sequences and lengths, and their SL RNA
secondary structures are more variable when com-
pared with other SL RNAs from within a phyloge-
netic group.

Although flatworm SLs and their SL RNAs have
overall limited sequence similarity, they exhibit
several phylogenetically conserved elements. These
elements include two regions within the SL itself.
The first is near the 5" end of the SL. The second,
which includes a potential initiator methionine, is
at the 3' end of SL and extends across the splice
donor site. Sequence conservation in kinetoplastid
and nematode SLs (SL1-SL5) also occurs at their
5" and 3’ ends. There is some similarity between the
first conserved region (ACGGU) in flatworms and
a relatively conserved region located towards the 5’
end of several kinetoplastid SL RNAs (ACGCU).
Alterations in these sequences in several kinetoplas-
tid SL RNA genes appear to have significant effects
on SL RNA stability and utilization [36—38]. The
conserved sequences at the 3’ end of the flatworm
SL are not phylogenetically conserved between
flatworms and flagellate or nematode SLs.

A property of flatworm SLs not seen in other
organisms is their contribution of a potential start
codon to recipient mRNAs. The SL AUG, how-
ever, is not absolutely required to initiate the
enolase open reading frames. A 3" AUG present in
the recipient enolase RNA is more likely to serve
as the initiator methionine based on comparison of
amino-terminal sequences with other known eno-
lase proteins and the translation initiation context
of the downstream AUG. Moreover, the upstream
SL AUG is out of frame with the enolase ORF in
half of the flatworms analyzed (Haematolechus,
Stephanostomum, and Stylochus). Previous studies
indicate that other SL-accepting mRNAs in schiso-

somes also typically contain their own computer-
predicted initiator methionines and that the SL
AUG is often out of frame with the endogenous
AUG [18]. Consequently, addition of the SL AUG
is most likely not required to initiate open reading
frames present in these trans-spliced mRNAs. Up-
stream AUGs are known to affect the efficiency of
translation initiation in other organisms [39-42].
Therefore, translation initiation in trans-spliced
flatworm mRNAs may have evolved mechanisms
to accommodate the presence of two AUGs.
The conserved sequences within flatworm SLs
could contribute specific properties to recipient
mRNAs (e.g., mRNA export, localization, or
translation), other properties to the SL RNA or its
gene (e.g., SL RNA maturation, export, or assem-
bly of the S RNA into a RNP, etc.), or function-
ally important elements necessary for the
trans-splicing reaction. In general, the properties
conferred onto mRNAs or the functional role of
the SL in these processes is not known. However,
the near perfectly conserved SL1 sequence in di-
verse nematodes, although apparently not required
for Ascaris trans-splicing in vitro, has been shown
to be an important promoter element for SL RNA
transcription [43]. Sequences at ~ — 50 to —80 have
also been shown to be essential elements for Ascaris
SL RNA transcription in vitro and are required for
SL RNA gene expression in transfection studies in
kinetoplastids (Leishmania spp., Leptomonas, and
Trypanosoma brucei ) [36—38] (C. Tschudi and E.
Ullu, personal communication). Similarly posi-
tioned and functionally important proximal se-
quence (PSE) elements have also been defined in
invertebrate and vertebrate snRNA genes [44-48].
Conserved sequence elements upstream of flat-
worm SL RNA genes that could serve as promoter
elements were not readily apparent. Conservation
of the nematode SL1 and kinetoplastid SL RNA
gene PSEs is not always observed within the
respective phylogenetic group, nor are these ele-

Fig. 6. A phylogenetically conserved region in divergent flatworm SL RNAs does not identify homologous SL RNAs in several flatworm
groups. PAGE Northern blots of total RNA were hybridized with two separate probes (universal flatworm SL RNA oligo
10 = TKCTTACCATGCAMYDA: Universal flatworm SL RNA oligo 16 = GRTKCTTACCATGCAMY) corresponding to a
consensus sequence spanning the 3'end of the SL and splice donor site in all known flatworm SL RNAs (Fig. 4). Blots were
counterprobed with either consensus Ul (GCCAGGTAAGTAT) and U2 (CAGATACTACACTTG) snRNA oligonucleotide probes
[59] and/or a metazoan 5S consensus oligonucleotide probe (TTCCCARGCSGTCICSSA). Both snRNA and 5§ probes were often
used as hybridization to the 5S probe was absent or minimal in some RNA samples.
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ments typically conserved across phyla. This is also
true for other known snRNA PSEs. Thus, it
remains possible that distinct PSEs could be present
and important for SL RNA transcription in the
different flatworm SL RNA genes. The conserved
flatworm SL sequences may also represent the core
or minimal SL RNA promoter element. However,
conserved nucleotides within the SL sequence of
several kinetoplastids appear more important for
SL RNA use and stability than for transcription
[36-38).

Additional conserved sequence elements iden-
tified in the flatworm SL RNAs include nucleotides
within stem loop II (these nucleotides are within
stem I of schistosomes, see below), the putative Sm
binding site, a C 3’ of the Sm binding site, and
sequences within the 3’ most stem of the SL RNA.
In general, similar regions within the Ascaris SL
RNA have been shown to be required for SL RNA
function in vitro [49,50]. The composition of these
essential Ascaris SL RNA sequences and elements
are, however, distinct from those identified in
flatworms. Elements in the 3" end of the Ascaris SL
RNA are also required for transcription termina-
tion. By analogy, the conserved sequences con-
tributing to the 3" most stem of the flatworm SL
RNA might also participate in 3’ end formation as
well as serve a number of other roles in SL RNA
maturation and function.

In contrast with the highly conserved Sm binding
site in nematode SL RNAs, the predicted Sm
binding site in flatworm SL RNAs is heteroge-
neous. Kinetoplastid SL RNAs also exhibit some
heterogeneity in these sequences. A consensus for
all the predicted flatworm SL RNA Sm binding
sites 1s VRU, ;,MU,;GR. Insertion of a C has also
been observed in the Un region of some kinetoplas-
tid SL RNAs. The predicted flatworm SL RNA Sm
binding site is distinct in sequence, particularly with
respect to the C/A insertion, from analogous sites
in flatworm snRNAs—schistosomes (Ul = AGUU-
UUUGU and U2=UAUUUUUCA; EI-
Meanawy, A., R. Davis, A. Rajkovic, and F.
Rottman, unpublished) or tapeworms (Ul =
AGUUUUUGC) [51]. Anti-sera to human Sm
antigens recognize and immunoprecipitate both Ul
and U2 snRNPs in schistosome extracts, but do not
precipitate the SL RNA RNP (El-Meanawy, A., R.

Davis, A. Rajkovic, and F. Rottman, unpublished).
This suggests that these putative Sm binding re-
gions, the interacting proteins, and/or the nature of
the interactions at these sites might not be equiva-
lent between the SL RNA and snRNAs. In con-
trast, the Ascaris snRNA and SL RNA Sm binding
site sequences are highly conserved and both RNPs
are effectively immunoprecipitated from Ascaris
extracts by anti-Sm antisera. Notable, however, is
that the two Sm binding sites are not functionally
interchangeable [3,50]. Moreover, several other
snRNA Sm binding site sequences are also not
functionally interchangeable and may confer par-
ticular properties to the snRNA [50,52—55]. Taken
together, these observations might suggest that
distinct SL RNA Sm binding sequences and their
contexts may have evolved to accommodate partic-
ular requirements or functions in flatworm SL
RNAs and trans-splicing.

SL RNAs in flagellates and nematodes are pre-
dicted to have a phylogenetically conserved sec-
ondary structure consisting of three stem loops with
the SL base paired within the first stem loop [56].
In contrast, flatworm SL RNAs exhibit variation
in the number (2-4) of predicted stem loops
suggesting a greater flexibility in SL RNA structure
than previously recognized. The absence of the
second stem-loop in schistosome SL RNAs may be
functionally compensated by base-pairing within
the first stem as sequences at the base of the 5
schistosome stem loop are similar to those in
stem-loop II of the other flatworm SL. RN As. These
complementary sequences originate from within
the S. mansoni spliced leader and are not conserved
in other trematode or the polyclad SLs. Conse-
quently, sequence divergence in this region of the
schistosome SL may have occurred to facilitate
forming the conserved sequence stem 5 of the
putative Sm binding site.

An invariant feature in SL RNAs is the phyloge-
netic conservation of SL base pairing within the
first stem loop of the SL RNA. This has been
interpreted to suggest some functional importance
of base-pairing in the SL. RNA or the trans-splicing
reaction. Functional studies indicate that this base-
pairing is not required for trans-splicing in Ascaris
embryo extracts [35]. The conserved nucleotides
near the 5" end of flatworm SLs, ACGGU, con-
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tribute to the base of the first stem in their SL
RNA structures. SLs are significantly longer (51
nt) in polyclads and their predicted SL RNA
structure is unusual in that the SL is base paired
within two distinct 5’ stem loops. Taken together,
this unusual structural variation and the sequence
conservation within the 5§ ends of flatworm and
other SL RNAs (within a phylogenetic group)
may indicate that two independent domains are
present within the first stem-loop of SL RNAs.

4.2, Phylogenetic implications

The presence of several distinct and absolutely
conserved sequence elements in the flatworm SL
RNAs suggests that they are likely to be evolu-
tionarily related. In addition, the presence of
trans-splicing in an early clade of flatworms (the
polyclad turbellarians) also supports the con-
tention that trans-splicing may have been an an-
cestral feature within the phylum and perhaps
present in a flatworm progenitor.

With the possible exception of the schisto-
somes, the degree of sequence similarity among
the trematode spliced leaders correlates well with
their traditional systematic classification. The S.
mansoni SL and the two-stem secondary structure
of the SL RNA are absolutely conserved in two
other schistosome spliced leader RNAs, S.
Japonicum and S. haematobium (Simonsen, J.N.,
R. Davis, A. Rajkovic, and F. Rottman, unpub-
lished). The divergent sequences in schistosome
SL RNAs compared with other trematodes might
be attributed to an early and/or rapid divergence
of schistosomes in trematode evolution and the
presence of separate sexes in schistosomes, a
characteristic absent in other trematodes.

Several phylogenetic studies suggest that flat-
worms are likely to be monophyletic, particularly
the parasitic groups [57]. If flatworms are
monophyletic, one might predict that SL addition
and trans-splicing would be present throughout
the flatworm phylum unless the selective pressure
for its maintenance has been lost over time. Be-
cause the functional significance of most meta-
zoan (flatworm and nematode SL1) trans-splicing
is currently not known, the selective advantage or
pressure for its maintenance is enigmatic. Surpris-

ingly, flatworms that do not trans-splice enolase,
as well as representatives of several other flat-
worm groups, lack an SL RNA with the phyloge-
netically conserved region identified which spans
the 3’ end of the SL and the splice donor site.
The apparent absence of an SL RNA with this
phylogenetically conserved region in divergent
flatworms might be due to: (1) the loss of frans-
splicing in some groups; (2) flatworms are poly-
phyletic; (3) separate origin(s) of divergent SL
RNAs; or (4) a combination of sequence plastic-
ity in this region of the SL. RNA and a high level
of divergence in these organisms. It is currently
not possible to distinguish among these possibili-
ties.

In addition to the ubiquitous and conserved
nematode SL1 spliced leader observed on the
majority of C. elegans and Ascaris mRNAs, a
group of functionally related SLs (SL2-5) have
also been identified on a smaller subset of C.
elegans mRNAs [20-22,58]. These SLs are in-
volved in the maturation of downstream genes
within polycistronic transcripts derived from
operons. The overall frequency and distribution
of such specialized SLs in other nematodes is
currently not known. C. elegans SL2-5 exhibit
some sequence variation ( > 80% similarity within
the group) and are ~ 64% similar with the major
nematode SL1 spliced leader. Although there is
some sequence variation among nematode SLs
(particularly, SL1 vs. SL2-5), there is a high de-
gree of length conservation (22-23 nt) and all
nematode SL RNAs exhibit similar computer-
predicted structures. The presence of distinct C.
elegans SL. RNAs raises the question as to
whether the flatworm SL RNAs identified here
represent a sub-type of SL RNAs present only in
some flatworms or involved only in the matura-
tion of a distinct subset of trans-spliced mRNAs.
Development of a simple and universal assay to
identify SLs or SL RNAs would help to deter-
mine if distinct and perhaps functionally diver-
gent SL RNAs are present within a single
flatworm or in different flatworm groups. It could
also help explore the same question in nematodes
and provide information on the general distribu-
tion of trans-splicing as a mechanism of gene
expression among lower metazoa.
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4.3. Conservation of enolase trans-splicing and func-
tional role of spliced leader addition

The conservation of enolase trans-splicing in all
five trematodes and the polyclad turbellarian exam-
ined could merely be fortuitous. Alternatively,
there could be some functional association corre-
lated with the maintenance of SL addition to
enolase pre-mRNAs in these divergent flatworms.
Several indirect observations are suggestive of such
an association including: (1) the relatively low
estimated percentage of mRNAs that are rrans-
spliced in schistosomes and the sheep liver fluke
[18.23] (Davis, unpublished); (2) four other gly-
colytic enzyme mRNAs are not trans-spliced in
schistosomes [18]; (3) the absence of trans-splicing
of enolase in several flatworm groups is correlated
with the absence of an SL RNA with conserved
flatworm SL RNA sequence elements defined in the
current study; and (4) the organization of the
enolase locus in trematodes (see below). trans-splic-
ing of kinetoplastid genes [1] and a subset of the
nematode C. elegans genes (those acquiring SL2-5)
[20-22] functions, in part, to resolve individual
mRNAs from polycistronic transcription units.
Characterization of the enolase locus in S. mansoni
indicates that a non-trans-spliced mRNA (encod-
ing a component of the ubiquinol-cytochrome C
reductase complex, the so-called ubiquinol binding
protein-UbCRBP) is transcribed from the same
coding strand as the enolase mRNA and is derived
from immediately upstream of the trans-spliced
enolase gene. The intergenic region between
UbCRBP and enolase is exceptionally short, with
only 54 nucleotides between the UbCRBP
polyadenylaton site and the enolase trans-splice
acceptor site (Davis and Hodgson, submitted). The
close linkage of these two genes with frans-splicing
of the downstream gene resembles SL.2 processed
genes derived from polycistronic transcription units
present in C. elegans [20,21]. It is tempting to
speculate that the schistosome UbCRBP and eno-
lase genes may be expressed as part of a poly-
cistronic transcription unit, and that the
conservation of enolase mRNA trans-splicing in
trematodes and in the polyclad turbellarian is
somehow related to the organization, transcription,
and expression of their enolase genes.
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Trans-splicing generates the mature 5" ends of certain mRNAs through the addition of a small spliced leader (SL) exon
to pre-mRNAs. To search for novel flatworm spliced leaders, degenerate oligonucleotides and 5" RACE was used to
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SL is the longest SL yet identified, 51 nucleotides. Comparison of flatworm SLs indicates that they vary significantly
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trans-splicing in flatworms. Flatworm SL RNAs have unusual Sm binding sites with characteristics distinct from other
known flatworm snRNA Sm binding sites. Predicted flatworm SL RNA secondary structures show variation exhibiting
2-4 stem loops. Although limited in sequence similarity, phylogenetically conserved regions within the diverse flatworm
SL RNAs suggest that they are likely to be derived from a common ancestor and provide information on potentially
important SL RNA elements. The identification of a SL in a primitive flatworm suggests that trans-splicing may have
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